Perception has the primary role of reducing the complexity of our environment, since sensory inputs cannot be processed with zero lag in an analog fashion. In the temporal domain, this is demonstrated by many examples whereby stimuli presented at specific temporal delays are sometimes faithfully perceived as separate entities, while they are integrated into a unified or "average" percept in other situations. For example, two flashes separated by a brief temporal delay of about ∼30--40 ms are often perceived as a single flash ([@r1]). Similarly, in the perception of apparent motion ([@r2]), two stimuli flashed in different spatial locations are often perceived as a single, continuously moving stimulus over a period of hundreds of milliseconds ([@r3]). Likewise, in forward- and backward-masking paradigms, a target and mask stimulus may be combined into a single percept, hiding the target, even when separated by around 100 ms ([@r4]).

A long-standing hypothesis is that whether two stimuli are integrated or not depends on whether they fall within the same cycle of a neural oscillation ([@r5][@r6][@r7]--[@r8]). More recently, the phase of ongoing neural oscillations, especially in the theta and alpha bands (5--7 Hz and 8--12 Hz, respectively), has been found to be related to trial-by-trial fluctuations in threshold-level perception in the visual \[theta ([@r9][@r10][@r11]--[@r12]) and alpha ([@r9], [@r10], [@r13], [@r14])\] and auditory \[theta ([@r15]) and alpha ([@r16])\] domains. However, there is evidence that prestimulus oscillations do not only influence processing of near-threshold stimuli. The oscillatory phase also predicts reaction times \[alpha ([@r17], [@r18]) and alpha/lower beta ([@r19])\] and is linked to spatial attention \[theta ([@r20][@r21]--[@r22]) and beta ([@r23])\]. Moreover, the phase of oscillations in the time period before the stimulus onset is correlated to large-scale signatures of stimulus processing, such as event-related potentials (ERPs), BOLD response, and connectivity \[theta ([@r12]) and alpha ([@r24][@r25]--[@r26])\]. These findings connect to the idea that the phase of neural oscillations reflects the rapid time-scale modulation of cortical excitability ([@r27], reviewed in refs. [@r28][@r29][@r30]--[@r31]). Accordingly, studies in nonhuman primates show that spikes in sensory areas are more likely to occur at a specific phase of the local field potential oscillations relative to the opposite phase ([@r32], [@r33]).

There is some preliminary support for the idea that temporal segregation/integration of visual stimuli depends on oscillatory phase ([@r8], [@r34][@r35][@r36]--[@r37]). However, as mentioned above, there are multiple temporal windows (TWs) in perception, ranging from tens of milliseconds ([@r1]) to 80--120 ms ([@r3], [@r35]), to a few hundred milliseconds ([@r38]), up to a TW of around 2 s ([@r39][@r40][@r41][@r42]--[@r43]).

Here, we tested whether the TWs of different length reported in the literature map onto a single oscillatory frequency band, such as the fluctuation in cortical excitability linked to alpha ([@r28][@r29][@r30]--[@r31]) or, rather, would be mapped into different, specific oscillatory rhythms. In theory, such a hierarchy of TWs could help to mask the presence of perceptual samples/cycles, which is important, given that the presence of discrete windows in sensory processing does not mean that conscious perception is typically discontinuous ([@r44][@r45]--[@r46]). To accomplish this goal, we measured electroencephalography (EEG) activity while subjects were performing a temporal integration/segregation task involving two different TWs. Then, we applied multivariate decoding analysis to test whether the perceptual outcome of a single trial could be predicted from the phase of the ongoing oscillations and whether the frequency of these oscillations changed as a function of the TW size.

On each trial ([Fig. 1](#fig01){ref-type="fig"}), we presented two suprathreshold flashes that could appear randomly in the left or right visual hemifield and either repeated in the same position (two-flash fusion condition) or appeared in a different position (apparent motion condition), with these two conditions randomly intermixed across trials. We manipulated the interstimulus interval (ISI) between the two flashes in a way that induced a bistable perception for both types of visual discrimination, so that subjects integrated (fusion or apparent motion) or segregated (two distinct flashes in the same position or in different positions) the two visual stimuli in about half of the trials. We then used a naive Bayes classifier searchlight on the whole channels/frequencies/times space to decode the perceptual interpretation of this bistable stimulus (segregation vs. integration) from the phase of ongoing oscillations on a trial-by-trial basis, confirming these results also with a more traditional phase-bifurcation analysis ([@r9]).

![Schematic representation of the task procedure with the two different types of trial employed. The two types of bistable stimuli used in the present study could appear randomly in the left or right visual hemifield. The stimuli were physically always the same, but their perceptual interpretation varied such that participants perceived one single flash (static or moving) in about half of the trials and they perceived two different flashes (in the same or different positions) in the other half.](pnas.1714522114fig01){#fig01}

Results {#s1}
=======

Perceptual Outcome. {#s2}
-------------------

Perceptual judgments of the stimuli, appearing randomly in the left or right visual hemifield, were almost perfectly bistable in both types of trial (two-flash fusion and apparent motion), which were randomly intermixed during the course of the experiment ([*Methods*](#s6){ref-type="sec"}). Participants (*n* = 27) perceived two distinct flashes on average on 47.2% (SD = 13%) of trials in the two-flash fusion condition and 49.6% (SD = 14%) of trials in the apparent motion condition. The two trial types did not differ significantly in the rate of segregation/integration trials \[t~(26)~ = −0.7, *P* = 0.49\]. These results suggest that ISI values employed here, which were chosen based on extensive pilot testing, effectively caused the two stimuli to be integrated on about half of the trials.

ERPs of Perceptual Integration vs. Segregation in the Poststimulus Period. {#s3}
--------------------------------------------------------------------------

First, electrophysiological signatures of integration and segregation of the two flashes in the poststimulus period were assessed by analyzing the mean amplitude of the P1 and N1 ERP components locked to the onset of the first stimulus. A 2 (outcomes: segregation vs. integration) $\times$ 2 (hemifields: left vs. right) $\times$ 2 \[regions of interest (ROIs): left parieto-occipital vs. right parieto-occipital channels\] repeated-measure ANOVA on the N1 mean amplitude in the two-flash fusion condition revealed a main effect of ROIs \[*F*~(1,26)~ = 26.42, *P* \< 0.001\] and outcomes \[*F*~(1,26)~ = 17.15, *P* \< 0.001\] and, importantly, an outcomes $\times$ ROIs interaction \[*F*~(1,26)~ = 10.73, *P* = 0.003\]. This two-way interaction, when further explored with post hoc comparisons (two-tailed *t* tests) revealed a more negative N1 mean amplitude in the segregation trials (i.e., two flashes perceived in the same position) for electrodes that were contralateral to the stimulus presentation \[t~(26)~ = −4.89, *P* \< 0.001\] ([Fig. 2](#fig02){ref-type="fig"}). For the similar ANOVA performed on the N1 mean amplitude elicited in the apparent motion condition, the main effect of hemifield \[*F*~(1,26)~ = 28.94, *P* \< 0.001\] and the hemifields $\times$ ROIs interaction \[*F*~(1,26)~ = 6.23, *P* = 0.019\] were found to be significant. Importantly, a hemifields $\times$ outcomes interaction was also significant \[*F*~(1,26)~ = 4.83, *P* = 0.037\]. When explored with post hoc tests, this interaction revealed a more negative N1 amplitude for segregation trials (i.e., two flashes perceived in different positions) only for stimuli displayed in the left \[t~(26)~ = −2.61, *P* = 0.015\], but not right \[t~(26)~ = −0.49, *P* = 0.63\], visual hemifield. The same ANOVA on the P1 mean amplitude did not reveal any significant effects.

![Poststimulus neurophysiological signatures of integration/segregation over different TWs. ERPs locked to the onset of the first stimulus are shown for the two experimental conditions as a function of the stimulus presentation hemifield for the two-flash fusion trials (*Upper*) and the apparent motion trials (*Lower*). (*Insets*) Topographical maps depict the cluster of channels used for the analysis. The horizontal gray bar in the bottom part of each plot represents the time window used for the analysis of the N1 component (range: 180--220 ms).](pnas.1714522114fig02){#fig02}

Decoding Segregation vs. Integration from Single-Trial Phase Information in the Prestimulus Period. {#s4}
---------------------------------------------------------------------------------------------------

The main analysis involved determining whether prestimulus phase information could predict perceptual outcome in the two bistable stimulus conditions. The decoding accuracy for the different perceptual outcomes obtained with the naive Bayes classifier searchlight performed on single-trial phase values is shown in [Fig. 3 *A* and *B*](#fig03){ref-type="fig"}. The highest decoding accuracy was found in right posterior parietal channels for both experimental conditions (maximum effects were observed for channels P6, P8, PO8, and O2; [Fig. 3 *A* and *B*](#fig03){ref-type="fig"}). Cluster-corrected permutation tests revealed, however, that the time/frequency region in which the maximum decoding accuracy was observed was different between the two-flash fusion condition and the apparent motion condition. Indeed, the highest decoding accuracy in predicting subjects' perceptual outcome from the phase of prestimulus oscillation in the two-flash fusion task was found for frequencies spanning predominantly the alpha band (∼8--10 Hz) and around −400/−300 ms relative to the onset of the first stimulus ([Fig. 3*A*](#fig03){ref-type="fig"}; group average maximum decoding accuracy was observed in channel P6, mean = 52.88%, SD = 3.83). On the contrary, the highest decoding accuracy in predicting the perceptual outcome for the apparent motion condition was found for frequencies spanning predominantly the upper theta band (∼6--7 Hz) at around −500/−400 ms relative to the onset of the first stimulus ([Fig. 3*B*](#fig03){ref-type="fig"}; group average maximum decoding accuracy was observed in channel O2, mean = 53.17%, SD = 4.75). This pattern of results was not limited to the right parieto-occipital channels, but was a general pattern emerging also when looking at all recorded channels ([Fig. 3*H*](#fig03){ref-type="fig"}).

![Prestimulus/ongoing phase at different oscillatory rhythms predicts the temporal integration/segregation over different TWs. (*A* and *B*) Time frequency plots showing phase-decoding accuracy obtained with a naive Bayes classifier searchlight for the two types of trial (randomly appearing in the left or right visual hemifield). Color-coded t values represent the group-level difference against the chance level (50% decoding accuracy) as a function of the type of trial. The outlined areas of the plots delimit the intersection of time/frequency points in which a significant difference was obtained, with cluster-corrected permutation tests in the four right parieto-occipital channels showing maximum decoding accuracy (the channels are highlighted in the topographical maps above the time/frequency plots). (*C* and *D*) PBI data in which color-coded t values represent the group-level differences against PBI = 0 (no phase opposition). Also, in this case, the intersection of significant time/frequency points is outlined. (*E* and *F*) Phase-angle data averaged across trials and participants as a function of the perceptual outcome reported, which was either segregation (two flashes in the same or different positions) or integration (one single or moving flash). (*G*) Histogram showing the percentage of data points with a decoding accuracy significantly above chance for the entire time period of interest (−600/0 ms relative to the stimulus onset), expressed in terms of the number of cycles before the stimulus onset as a function of frequency. Note that the plots in all panels (except *H*) are related to the same right parieto-occipital cluster of channels showing the highest decoding accuracy in the prestimulus period. (*H*) Area plot showing the percentage of data points for the two types of trials showing a decoding accuracy significantly above chance in the entire time period of interest (−600/0 ms) as a function of frequency (on a logarithmic scale) in all EEG channels recorded.](pnas.1714522114fig03){#fig03}

To control that these time/frequency effects were not contaminated by poststimulus ERP, we ran a simulation in which we applied a time/frequency transformation to a synthetic signal (i.e., sinusoidal wave mimicking an ERP with an onset time of 0 ms). As explained by Tallon-Baudry et al. ([@r47]), to determine the extent of temporal contamination caused by the wavelet, we calculated for each frequency the wavelet's temporal resolution *σ*~t~, which is defined as twice the SD of the Gaussian envelope at a particular frequency. Using the same parameters that we used for our wavelet analysis ([*Methods*](#s6){ref-type="sec"}), we found that the earliest contamination from poststimulus data points was at −210 ms for a signal at 5 Hz (i.e., the lowest frequency that was taken into account in our study). Since our significant results were found outside this time/frequency limit, we can be confident that no contamination from poststimulus data was present ([Fig. S1](#d35e572){ref-type="supplementary-material"}).

Moreover, as evident in the histogram in [Fig. 3*G*](#fig03){ref-type="fig"}, when equating the time and frequency information and expressing the decoding accuracy instead in terms of number of cycles before the stimulus onset in which the ongoing phase was predictive of the perceptual outcome, we find substantial overlap between the two distributions. Most of the time/frequency points showing significantly accurate phase decoding were concentrated at around three cycles before the stimulus onset, a result that is examined further in [*Discussion*](#s5){ref-type="sec"}.

Confirmation of these findings was also evident when looking at the results of the phase bifurcation index (PBI) ([@r9]) analyses ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}), where differences in phase were evaluated based on the intertrial coherence of the two different groups of trials (segregation vs. integration) as described in [*Methods*](#s6){ref-type="sec"}. In the same cluster of channels, we found comparable results, with a PBI that was significantly above 0 (meaning significant phase opposition/difference between the two possible perceptual outcomes: segregation vs. integration) for time/frequency points that substantially overlapped those found with the naive Bayes classifier searchlight. Again, the two-flash trials showed significant results in the alpha range and apparent motion in the phase of the theta band.

It is worth noting that the analyses conducted so far are inappropriate for revealing effects that would systematically occur contralateral (or, possibly, ipsilateral) to the stimulus. This is because, for any EEG channel, these potential lateralized effects would only be present on half of the trials (when the stimulus is on the contralateral side). To overcome this issue, we performed a complementary analysis that involved "mirroring" all channels on half of the trials. Specifically, we mirrored channels for all trials containing stimuli appearing on the right hemifield. In this way, the effects that systematically occur contralaterally would map on the right electrodes and the ipsilateral effects would map on the left electrodes. We performed the same phase-decoding analyses described above, but no significant results emerged (two-flash fusion trials: all corrected *P* \> 0.142, apparent motion trials: all corrected *P* \> 0.099; [Fig. S2](#d35e572){ref-type="supplementary-material"}).

Lastly, we ran a naive Bayes classifier searchlight on single-trial power values to check whether difference in power could partially explain the differences in the phase-decoding accuracy found for two-flash fusion and apparent motion trials. Results revealed only small differences in power in the cluster of right parieto-occipital channels, where phase-related differences emerged, which, importantly, did not overlap with the differences that emerged from the phase-decoding analysis ([Fig. S3](#d35e572){ref-type="supplementary-material"}). This result confirms that phase-related differences were independent of power-related differences present in the ongoing oscillations.

Discussion {#s5}
==========

Perception simplifies the nature of the incoming sensory input in many different ways, such that information can be represented and stored in an optimized but more abstracted format. This process is well studied in the spatial domain ([@r48], [@r49]), but the way in which information is grouped together in the temporal domain is less clear. In the present study, we took advantage of different analysis methods, particularly of single-trial, multivariate EEG decoding of the subjects' perceptual outcome, to understand the relationship between the phase of the ongoing neural oscillation and temporal integration/segregation of stimuli over different TWs. Indeed, mounting evidence shows that the ongoing oscillations in the theta/alpha bands are not only related to trial-by-trial fluctuations in threshold-level perception in different sensory modalities ([@r9], [@r10], [@r12], [@r14][@r15]--[@r16]) but also predict temporal segregation/integration of visual stimuli over time ([@r8], [@r34][@r35][@r36]--[@r37]). These findings are in agreement with the idea that the phase of neural oscillations reflects modulation of cortical excitability ([@r28][@r29][@r30]--[@r31]).

In the present study, we show that the way in which ongoing neural oscillations determine whether visual information is temporally integrated or segregated does not depend on a single, general sampling rhythm. On the contrary, different ongoing oscillatory rhythms determine the temporal integration/segregation of stimuli over time according to the TW involved. We found that when participants were presented with a bistable stimulus comprising two distinct flashes in the same spatial position and separated by an ISI of 40 ms (two-flash fusion trials), the subjective interpretation of this bistable stimulus (one flash vs. two flashes perceived) could be accurately decoded from the phase of the ongoing oscillation within the alpha band (maximum decoding accuracy at around 8--10 Hz). On the other hand, when participants were presented with a bistable stimulus comprising two distinct flashes appearing in different spatial positions and separated by an ISI of 120 ms (apparent motion trials), the subjective interpretation of this bistable stimulus (motion vs. alternation) could be accurately decoded from the phase of the ongoing oscillation within the theta band (maximum decoding accuracy at around 6--7 Hz). These results renewed previous evidence ([@r8], [@r35]) of a relationship between the alpha phase and timing in perception. In particular, a previous study examining the "flash-lag" effect ([@r50]), a spatiotemporal illusion where a continuously moving object is incorrectly perceived ahead of its true location when an event (e.g., flash) appears, found that the magnitude of the effect varied along with the ongoing 5- to 20-Hz EEG phase. Those results suggested that neural periodicity is involved in the flash-lag illusion.

Additionally, the present results are in agreement with recent studies from our own and other laboratories providing evidence for a causal link between neural oscillations and spatiotemporal aspects of perception ([@r51], [@r52]). In a recent study, we employed sensory entrainment in the prestimulus interval to align ongoing oscillations to a theta, alpha, or beta rhythm. We found that the frequency of temporal segregation was modified by sensory entrainment at the theta and alpha (but not beta) rhythms ([@r52]). Another recent study employing an illusory jitter perception termed the "motion-induced spatial conflict" showed that the illusory visual vibrations mirror the intrinsic peak alpha frequency of the participants. Moreover, a temporary shift of the individual alpha peak due to alternate current stimulation altered the perceived jitter frequency ([@r51]).

The phase effect we found could not be dependent on variations in oscillatory amplitude, as our analyses demonstrated, thus suggesting that at least for the alpha/theta band, the phase of ongoing neural oscillations could impact stimulus processing independently from amplitude variations, in agreement with previous evidence ([@r35]). Multivariate decoding revealed also that the topography of the effect was comparable for the two types of trial, with the highest decoding accuracy visible in right parieto-occipital channels, suggesting a common area/network responsible for temporal sampling across different time periods. Although EEG does not allow for the definition of exact underlying neural sources, the right parieto-occipital topography revealed by our multivariate decoding analysis is in agreement with mounting evidence showing that the neural sources underlying the modulation of the ongoing theta/alpha phase are linked to the activity of the right posterior parietal cortex (PPC) ([@r12], [@r53][@r54]--[@r55]). Hanslmayr et al. ([@r12]), for example, show that the underlying modulation of perception operated by the phase of ongoing oscillations reflects the bidirectional information flow between the occipital cortex and right PPC, suggesting that the oscillatory phase reflects the periodic gate of perception by opening transient time periods in which long-distance cortical information transfer can take place. Similarly, the tendency to either integrate or segregate two visual stimuli in time has been linked to right parieto-occipital sources ([@r36]).

Overall, the present findings suggest a precise mapping between oscillatory activity at a specific frequency and the temporal organization of sensory input into coherent percepts. Variations in the theta and alpha (and maybe other) oscillatory rhythms, reflecting periods of increased/decreased excitability, would determine if subsequent stimuli are perceived in their "real" nature, and thus as distinct events, or if they are subjected to some forms of temporal averaging that lead to a relatively "poorer" quality of processing (i.e., perception of a single flash in the case of the two-flash fusion trials and perception of a single moving flash in apparent motion trials).

It is interesting to observe that the number of oscillatory cycles from which subjective perception can be efficiently decoded largely converges around three cycles before the onset of the stimulus, independent of the specific oscillatory rhythms involved. This timing is consistent with the idea that the presence of target-evoked ERPs and signal filtering involved in commonly used time/frequency analyses (e.g., wavelet) causes a shift of the maximum phase difference toward earlier time points ([@r56]). That result suggests that the phase modulation found in this study may have its true latency around the time of the stimulus presentation.

Although a direct link between the temporal organization of perception (into discrete units) and oscillations has been suggested for some time ([@r5][@r6][@r7]--[@r8], [@r57], [@r58]), this idea has remained controversial theoretically and has been repeatedly challenged empirically. The current findings may provide some assistance in resolving this controversy. The finding of two different perceptual TWs mapping onto two different frequency bands may help to explain the lack of consistent evidence for a single, master frequency of temporal resolution. Indeed, in addition to the alpha band, neural correlates of TWs have been reported in theta and beta frequencies (reviewed in ref. [@r58]).

On a more theoretical level, there is a long-standing debate between "perceptual moment" and "continuous perception" descriptions of the phenomenology of visual perception, as captured by James' idea of a stream of conscious awareness ([@r59]). It has been argued that the presence of discrete TWs in sensory processing does not necessarily signify that perception is discontinuous ([@r44][@r45]--[@r46]). A hierarchy of different TWs would potentially mask the discontinuities of TWs at a lower stage. For example, the Nyquist--Shannon theorem shows how discrete samples can be transformed back into a continuous function through the use of multiple sampling frequencies, such as a combination of theta and alpha frequencies. Such a hierarchy of TWs may contribute to the intuitive impression of a continuous flow despite discrete sensory sampling mechanisms. Moreover, the presence of multiple sampling frequencies would help to balance the needs of temporal integration (i.e., to improve perceptual decision making by combining information over time) and sensitivity to changes in input that reflect new events in a dynamic environment. In the case of language, it is clear that auditory processing takes place for different TWs ranging from phonemes (tens of milliseconds) to syllables (hundreds of milliseconds), to words and phrases (seconds). Recent studies have linked these auditory TWs to oscillatory behavior, with shaping and entrainment of these frequencies to the specific speech patterns of speakers ([@r60]). Likewise, visual events occur over different time periods, which might require multiple visual TWs in a sort of language of vision.

A number of oscillatory frequencies have been linked to different, specific aspects of perceptual processing. For example, theta-band rhythms have been linked to the grouping of sensory inputs into meaningful, temporal chunks that incorporate information across multiple brain regions ([@r36], [@r61], [@r62]), whereas gamma oscillations may reflect more local, bottom-up processing and beta oscillations may reflect more feedback and top-down control ([@r63], [@r64]). The current results would be consistent with distinct roles for alpha in determining temporal resolution ([@r8], [@r58], [@r65], [@r66]) and for theta-frequency sampling in generating more complex, meaningful percepts of objects and events ([@r36], [@r62]). In terms of the mechanisms by which these two frequencies diverge, one possibility could be that when perception depends on higher order areas or larger networks (e.g., networks involving primary visual areas, but also motion processing and attentional control areas), a slower rhythm would emerge as a result of stronger feedback projections and longer interareal communication time among these regions ([@r61]).

To conclude, in the present study, we took advantage of a method using phase information for multivariate decoding of the perceptual outcome, and we demonstrate within a single study that the perceptual sampling of visual events over different temporal scales does not rely on a single sampling mechanism but, instead, on the phase of different oscillatory rhythms. The presence of multiple TWs and their mapping into different oscillatory rhythms may help to explain why discrete sensory processing does not result in discontinuity of perception.

Methods {#s6}
=======

Participants. {#s7}
-------------

Twenty-seven adult participants (mean age = 24 y, SD = 3, 11 males) recruited at the University of Trento took part in the present study as paid volunteers. From this original sample of participants, three subjects were removed for the EEG analysis because of noisy data in the prestimulus period, leaving 24 participants for the full analysis. All participants provided informed consent, had normal or corrected-to-normal vision, and reported normal hearing. They reported no history of neurological disorders. The study was approved by the Ethics Committee of the Center for Mind/Brain Sciences at the University of Trento and conforms to the principles elucidated in the Declaration of Helsinki of 2013.

Stimuli, Procedure, and Data Analysis. {#s8}
--------------------------------------

Detailed information can be found in [*SI Methods*](#d35e572){ref-type="supplementary-material"}.
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